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Abstract
X-ray polarimetry promises to give qualitatively new information about high-
energy sources. Examples of interesting source classes are binary black hole
systems, rotation and accretion powered neutron stars, Microquasars, Active
Galactic Nuclei and Gamma-Ray Bursts. Furthermore, X-ray polarimetry
affords the possibility for testing fundamental physics, e.g. to observe sig-
natures of light bending in the strong gravitational field of a black hole, to
detect third order Quantum Electrodynamic effects in the magnetosphere
of Magnetars, and to perform sensitive tests of Lorentz Invariance. In this
paper we discuss scientific drivers of hard (>10 keV) X-ray polarimetry em-
phasizing how observations in the hard band can complement observations at
lower energies (0.1 - 10 keV). Subsequently, we describe four different techni-
cal realizations of hard X-ray polarimeters suitable for small to medium sized
space borne missions, and study their performance in the signal-dominated
case based on Monte Carlo simulations. We end with confronting the instru-
ment requirements for accomplishing the science goals with the capabilities
of the four polarimeters.
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1. Introduction
Compared to observations in other parts of the electromagnetic spectrum,
X-ray observations are of particular interest for the study of mass accreting
black holes and neutron stars because these objects are X-ray bright and the
X-rays originate very close to the compact objects. It is thus not surprising
that X-rays are key to explore the properties of these objects. Whereas sev-
eral X-ray imaging, spectroscopy, and timing missions have made spectacular
discoveries over the last three decades [1, 2, 3, 4, 5, 6], only one dedicated
X-ray polarimetry mission has been launched so far. One of the reasons is
that it is difficult to measure the polarization of an X-ray beam: whereas the
arrival direction, arrival time, and energy of individual photons can be mea-
sured with extremely high accuracy, many hundreds of photons are needed
to make even rough measurements of the three Stokes parameters P , Q, and
V which characterize the polarization properties of an X-ray beam. The only
dedicated X-ray polarimetry mission to date OSO-8 [7] detected a 2.6 keV
and 5.2 keV polarization of the X-rays from the Crab Nebula of ∼20% and a
polarization angle aligned around 30 degrees oblique to the X-ray jet [8]. For
Cyg X-1 weak evidence for polarization on a level of a few percent was found
[9]; for other galactic compact objects upper limits on the polarization de-
gree of a few 10 percent were measured [9, 10]. Recently, two instruments on
the INTEGRAL satellite were used to constrain the polarization of the hard
X-ray emission from the Crab Nebula. Based on the analysis of data from
the SPI instrument (SPectrometer on INTEGRAL), Dean et al. [11] report
tentative evidence for a 46%±10% polarization degree of the 100 keV-1 MeV
emission. The analysis of 200 keV - 1 MeV data from the IBIS instrument
(Imager on Board the INTEGRAL Satellite) indicates an even higher polar-
ization fraction [12]. The polarization direction seems to be aligned with the
orientation of the X-ray jet at these energies [11, 12]. Models predict that
galactic sources (e.g. binary black holes and neutron stars) and extragalactic
sources (e.g. blazars, Gamma-Ray Bursts, GRBs) exhibit linear polarization
degrees of a few percent and a few tens of percent, respectively, slightly be-
low the sensitivity of the OSO 8 experiment. A mission with an order of
magnitude improved sensitivity over OSO 8 should thus be able to detect
the polarization of many objects, and to provide spectacular galactic and
extragalactic results.
Recent technological progress namely photo-electron tracking gas detec-
tors [13, 14] have opened up the possibility to design small X-ray missions
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with more than two orders of magnitude better polarization sensitivities than
OSO 8. The Gravity and Extreme Magnetism SMEX (GEMS) mission [15]
with excellent polarimetry sensitivity in the 2-10 keV energy band has re-
cently been approved as a NASA mission. GEMS is projected to achieve a
Minimum Detectable Polarization (MDP) degree of about 3% for a mCrab
source and an integration time of 1000 ksec. GEMS will have a single-
photon energy resolution of between 15% and 20% Full Width Half Max-
imum (FWHM) and no imaging capabilities. At 0.5 keV GEMS will fly a
student polarimeter with modest sensitivity.
We expect that GEMS will fulfill the high expectations and will motivate
one or several follow-up missions. A follow-up mission may feature:
• improved sensitivity over the 2 keV - 10 keV energy range combined
with an improved energy resolution,
• a broader energy bandpass with excellent sensitivity at lower (<2 keV)
and/or higher (> 10 keV) energies,
• the capability to do spectroscopic imaging polarimetry enabling the
acquisition of 2-D maps of extended sources with spectroscopic and
polarimetric information,
• a wide field of view (FoV) polarimeter with the possibility of measuring
the polarization of transient sources as for example Gamma-Ray Bursts.
In this paper, we focus on the possibility to measure the polarization of hard
X-rays (>10 keV) with narrow FoV instruments and wide FoV instruments.
The soft gamma-ray telescope on board of the Japanese/US ASTRO-H mis-
sion (launch foreseen in 2013) will be able to do some hard X-ray Compton
polarimetry using a combination of a collimator, Si pad detectors and CdTe
pixel detectors [16]. With an effective area of >30 cm2 for Compton scat-
tered events, the soft gamma-ray telescope on board of ASTRO-H should be
able to verify some of the theoretical predictions discussed in this paper if
on-ground and in-orbit calibration measurements can be used to reduce the
systematic uncertainties below the level of the observed polarization effects.
In Section 2 we summarize the science drivers for hard X-ray polarimetric
observations. In Section 3 we discuss four different experimental approaches
suitable for small to mid size space missions, and present a comparative
study of the performance of the different polarimeters based on Monte Carlo
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simulations. In Section 4 we summarize the results of the previous sections
and critically discuss which science objectives may be addressed with the
experimental approaches discussed before.
The interested reader can consult [17, 18, 19] for reviews of X-ray po-
larimetry and for information about different X-ray polarimeters.
2. Science drivers for hard X-ray polarimetry
2.1. Binary black holes
Binary black hole (BBH) systems such as Cyg X-1 are among the bright-
est X-ray sources in the sky and can reach flux levels during major flares
similar to the flux from the Crab Nebula (see the review by Remillard &
McClintock [20]). The X-rays from a flat space Newtonian accretion disk are
expected to be polarized owing to scatterings in the disk (e.g. [21, 22, 23]).
Stark & Connors [24], Connors et al. [25], and Connors & Stark [26] showed
that relativistic aberration and beaming, gravitational lensing, and gravito-
magnetic frame-dragging result in an energy dependent polarization fraction
and polarization degree. The energy dependence of the polarization proper-
ties stems from the fact that higher energy photons originate closer to the
black hole and are affected more by relativistic effects than lower energy pho-
tons. Recently, Dovciak et al. [27, 28] studied the polarization of X-rays from
accretion disks illuminated by a non-thermal X-ray source “above” the disk,
as well as the observational consequences of different atmospheric depths.
Agol & Krolik [29] and Schnittman & Krolik [30, 31] included in their cal-
culation the effect of “returning radiation”, X-rays which leave the accretion
disk, hit it again after gravity deflects them around the black hole, and are
eventually scattered into direction of the observer. At energies about the
thermal peak (a few keV for typical BBH systems), the returning radiation
can dominate the polarization signature, causing the polarization direction to
swing from a horizontal orientation at low energies (perpendicular to the ro-
tation axis, as in the flat-space Newtonian limit discussed by Chandrasekhar)
to vertical (parallel to the rotation axis) at higher energies.
Schnittman & Krolik [30, 31] studied the X-ray polarization in the ther-
mal state and in the hard/steep power law state (for definitions see [20]).
Spectropolarimetric observations of the thermal state make it possible to test
models of the radius dependent emissivity of the gas in the accretion disk
and the plunging region. If the X-ray emission follows a Novikov-Thorne
zero-stress emissivity profile, the spectropolarimetric data can constrain the
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inclination of the inner accretion disk and the mass and spin of the black
hole. Observations in the hard X-ray band have to cope with relatively low
>10 keV fluxes in the thermal state. However, the hard X-ray polarization
degree is expected to be much higher (>10%) than in the 2-10 keV energy
band (∼ 3 %) owing to the dominance of returning radiation at high energies.
Owing to the soft thermal spectrum a good sensitivity in the 10 keV - 30
keV energy range will be important for these observations as a detection at
higher energies is unlikely. The hard X-ray observations are of great interest
as they probe the innermost regions of the accretion flow constraining the
properties of the accretion flow close to the black hole and the spin of the
black hole. Multi-epoch broadband spectropolarimetric observations can pin
down the disk inclination and the black hole spin. The spin and inclination
remain constant over very long times, while the disk, accretion rate, and
coronal properties change on days-to-months times. High signal to noise ra-
tio observations with good energy resolution may even make it possible to
search for deviations from the General Theory of Relativity.
In the hard/steep power law (hard/SPL) state a hot corona comptonizes
the disk emission. Owing to the dominance of coronal emission, observa-
tions in the hard/SPL state are not suited to constrain the properties of the
central accretion flow nor the spin of the black hole. However, hard X-ray
observations will be key to probe the properties of the corona. Schnittman
& Krolik [31] examined the spectropolarimetric signatures of various corona
geometries. The emission properties depend on a large number of parame-
ters including the BH mass and spin, the BBH inclination, the accretion rate,
and the coronal properties such as its homogeneity, the vertical scale height,
the temperature, the optical depth, and the covering fraction. Constrain-
ing these parameters will require multiple spectropolarimetric observations
at different flux levels. Although parameter degeneracies will likely render
it impossible to pin down all these parameters, the X-ray polarimetry data
will allow sensitive tests of corona models and their geometry. For exam-
ple, a solid prediction resulting from uniform corona models is a high degree
(>2-10%) of polarization at >10 keV energies. A sensitive hard X-ray po-
larimeter may scrutinize the BBH emission up to energies of 100 keV and
above. A broad energy bandpass and a reasonable energy resolution (20% or
better) are thus important for exploring BH coronas. Quasi-periodic oscilla-
tions (QPOs) are most pronounced at >6 keV energies and are thus thought
to originate in the hot corona [20]. The comparison of the polarization sig-
nature with timing properties at different epochs should make it possible to
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lead to constraints on the location, size, and coherence of the regions from
which the QPOs originate [31].
2.2. Neutron Stars, Pulsars, Pulsar Wind Nebulae, and Magnetars
Magnetic neutron stars are expected to display a range of polarization
phenomena in hard X-rays which have essential bearing on several aspects of
the basic physics of radiation transfer in strongly magnetized plasmas.
Isolated pulsars provide a neutron star source class that offers exciting
possibilities for polarimetric probes in the hard X-ray band. Young pul-
sars possess high fields, and are bright in gamma-rays, which lead to their
detection with the Fermi Gamma-Ray Space Telescope [32]. The photons
detected above 100 MeV are most likely curvature radiation or synchrotron
emission from tenuous pair plasmas in the magnetospheres. This contention
applies also to the hard X-ray emission in the 10 keV - 1 MeV window seen
in famous pulsars like the Crab and Vela. Yet, because of pair cascading
in both slot-gap (e.g. [33]) and outer gap (e.g. [34]) pictures for gamma-ray
pulsar emission, hard X-ray band radiation is more likely to constitute a
synchrotron signal, since its rate is very high when the pairs produced have
significant pitch angles. Synchrotron and curvature emission possess simi-
lar spectral indices, whether coming from uncooled electron populations, or
strongly-cooled particles. Hence another tool is needed to discriminate be-
tween the two, and polarimetry can enable such. The degree of polarization
from either process is high, and in uniform fields couples to the spectral index
for power-law electron distributions according to Eq. (1) below. In curved
magnetospheric fields, different observational perspectives relative to the lo-
cal field direction are sampled, depending on the pulse phase, and so the net
polarization signal can be lowered somewhat. Pulse profiles can be used as a
diagnostic of typical magnetospheric locales using the gamma-ray spectrum
(e.g. [35, 36]). Yet, the orbital planes for accelerating charges that govern
these two radiation processes are orthogonal to each other. Accordingly, for
very confined emission regions, the Stokes vector for synchrotron emission is
perpendicular to that for curvature radiation. Superposing different emission
regions smears this discriminator somewhat, but the net product is distinc-
tive polarization angle (PA; vector on the sky) “swings” during the pulse
period: the curvature pulse PA profile should display a markedly different
phase morphology from that for the synchrotron process. Hence, in conjunc-
tion with the light curve, measuring both the polarization degree and angle
as functions of phase and energy should probe both the electron distribution
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shape, the spatial extent of the emission region to some degree, and help de-
cide which physical process is dominating the signal in different X-ray bands.
Ideal neutron stars as candidates for such spectropolarimetric studies are the
Crab, Vela and PSR B1509-58 pulsars, because they are all very bright in
X-rays, typically 20-50 mCrab in the range 50-500 keV, and their spectral
index changes from 10 keV to 1 MeV.
Neutron stars with strong magnetic fields can exhibit cyclotron features
occurring at the cyclotron resonance energy Ec ≡ ~ωc ≈ 11.6B12(1 + z)−1
keV, where B12 is the magnetic field B in units of 10
12 G, and z is the grav-
itational redshift at the site of resonance (e.g., at or near the surface of a
neutron star). Such features have now been detected in the X-ray spectra of
about fifteen accretion-powered pulsars in the energy range ∼ 15 − 50 keV,
indicating magnetic field strengths in the range B12 ∼ 1− 5 [37, 38, 39, 40].
Future hard X-ray studies may find similar features at higher energies in
other pulsars, indicating higher magnetic fields. Near cyclotron resonance,
oscillations in the amount of linear X-ray polarization with pulse phase dis-
play a pronounced maximum in their amplitude [41], which makes this energy
range the optimal one for studies of such oscillations. The correlations be-
tween these oscillations in an accretion-powered pulsar and its pulse profile
are one of the best known diagnostic probes of the beam shape of the pul-
sar. Detailed calculations have shown that for a pencil beam, oscillations
in the polarization amount are expected to be out of phase with the pulse
(i.e., maximum of polarization at pulse minimum), while for a fan beam,
polarization oscillations are expected to be in phase with the pulse (i.e.,
maximum of polarization at pulse maximum) [41]. Moreover, there will be
an energy-dependence to the polarization within a line feature, and this will
be different between the fundamental and higher harmonics due to photon
spawning. Measurements of these properties will provide diagnostics on view-
ing angle and effective optical depth. Thus hard X-ray polarization studies
near the cyclotron resonance energies of accretion-powered pulsars have great
potential for being pioneering probes into the beam shapes of these pulsars,
which will constrain models of accretion flow to the magnetic poles of such
pulsars. Bright accreting pulsars like 4U 0115+63 can exhibit 10 keV - 50
keV fluxes of ∼1/4 Crab [37]. The particular source 4U 0115+63 is a good
target as five cyclotron resonance features were observed up to energies of 50
keV. At higher energies the spectrum runs out of statistics [42].
Birefringence of the vacuum in a strong magnetic field is a prediction of
fundamental physics which may be amenable to direct demonstration through
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X-ray polarization studies of accretion-powered pulsars. The crucial energy
in this context is that of vacuum resonance ~ω0 ≈ 13B−112 n1/2e,22 keV, where
vacuum birefringence effects cancel the plasma effects, and the direction of
polarization is expected to rotate by 90 degrees due to mode conversion.
Here, ne,22 is the electron density in units of 10
22 cm−3. Mode conversion is a
phenomenon which occurs through an interplay between (a) the photospheres
corresponding to the ordinary and extraordinary modes of electromagnetic
wave propagation in magnetized birefringent plasmas, and (b) the above vac-
uum resonance point ([43, 44] and references therein). In accretion-powered
pulsars with magnetic fields in the range 1011 − 1012 G and at accretion
rates corresponding to electron densities in the range 1022 − 1023 cm−3, the
vacuum resonance energy occurs in the hard X-ray band, underscoring the
importance of hard X-ray polarization studies in exploring this phenomenon.
Indeed, a measurement of the above rotation of polarization would be the
first observational confirmation of the fundamental idea of vacuum birefrin-
gence. Bright accretion powered pulsars like Her X-1 and Cen X-3 exhibit
hard X-ray fluxes on the order of 50 mCrab [45].
For magnetars, which are believed to be isolated neutron stars with super-
strong magnetic fields in the range 1014− 1015 G, the above ideas of vacuum
resonance lead to a completely different prediction [46]. The direction of
X-ray polarization in these objects is expected to remain unchanged as one
passes through the vacuum resonance point. The vacuum resonance energy
is somewhat more difficult to estimate for these objects due to uncertainties
in the plasma densities at the sites of their X-ray emission, but it is clear
from the above estimate that it will be in the hard X-ray / soft γ-ray band
for densities ne ∼ 1017 − 1020 cm−3. A demonstration of this differential
behavior in polarization rotation between known accretion-powered pulsars
and suggested magnetars would be a strong indication of a different role
of vacuum resonance in the latter, and so a probe of exotic phenomena in
super-strong magnetic fields. Particularly suitable for such studies would be
the soft gamma repeaters (SGRs). The SGR 1806-20 normally exhibits hard
X-ray fluxes of 0.2 mCrab [47]. During the giant outburst of December 2004,
this SGR exhibited hard X-ray fluxes on the order of the flux from the Crab
Nebula. The >80 keV flux integrated over 400 sec was 2.6×10−4 erg cm−2
[48].
In the lower density magnetospheres of magnetars different polarizing
influences can be found. Observationally, this is probably mediated by mag-
netic Compton scattering in the very strong fields, which is extremely effi-
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cient, more so than curvature emission or bremsstrahlung. The manifestation
of Compton scattering comes in two varieties in two different wavebands.
In the classical X-ray band, anomalous X-ray pulsars and soft gamma re-
peaters both exhibit steep X-ray power-law tails appended to the thermal
peak (e.g. [49]). These have been modeled by repeated Compton scatter-
ing by mildly-relativistic electrons (e.g. [50, 51]) in collisions well below the
resonance in the cross section at the cyclotron energy. The collision rates
are strongly-dependent on the angle the photon momenta make to the local
magnetic field, and to their polarization state. Hence, phase-dependent po-
larization observations of these tails below around 10 keV should probe both
the locale of the emission (equatorial versus near the magnetic pole) and
the observer’s viewing angle. Quiescent magnetar signals also exhibit hard
X-ray tails extending up to around 150 keV [52, 53, 54]. These probably are
generated by impulsive inverse Compton scattering of soft thermal X-rays by
ultra-relativistic electrons in the strong magnetar fields (e.g. [55, 51]), sam-
pling the collisional cross section at or near the cyclotron resonance. The
up-scattering spectra are strongly polarized in an energy-dependent fashion
[55]. Phase-dependent spectropolarimetry can confirm the postulate of the
action of resonant Compton scattering in generating these hard tails, and
again provide insights into the magnetospheric locale of the emission region.
A number of magnetars including 4U 0142+61, RXS J1708-4009, SGR 1806-
20 and SGR 0501+4516 are amenable to such polarimetric investigations
with a polarimeter which can measure 10% polarization fractions for sources
at the detection thresholds of RXTE and INTEGRAL. Quiescent fluxes from
these sources are generally at the 5–20 mCrab level in the 20–200 keV range.
The hard X-ray tails do not extend to much higher energies, as inferred
from very constraining upper limits at > 500 keV from the COMPTEL in-
strument on the Compton Gamma-Ray Observatory (e.g. [54]). The Fermi
Large Area Telescope (LAT) can be used to derive additional constraints
on the high-energy properties of the energy spectra, but so far dedicated
studies have not yet been published. If the maximum energies correspond
to kinematic limits in the scattering process, then turnovers in the 200-500
keV band should have characteristic energies independent of the photon po-
larization. However, in the strong fields not far from the magnetar surface,
photon splitting γ → γγ can act as an attenuation mechanism that may
forge a spectral turnover at these energies. Splitting can only occur in strong
magnetic fields (e.g. [56]), and is an exotic prediction of QED. Its rate is
strongly dependent on the polarization of the photon, so that measurements
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of quasi-exponential turnovers whose energies depend markedly on the pho-
ton polarization would be a telltale sign of the action of splitting. Detecting
such a signature would be an important confirmation of a theoretical pre-
diction, since magnetic photon splitting has not been confirmed in the lab-
oratory. Through the dependence of the splitting rate on the angle between
the photon momentum and the magnetic field line direction and the strength
of the local field, phase-dependent polarimetric observations would facilitate
determination of the altitude and co-latitude of the emission region. Strong
flares in SGRs possess quasi-thermal spectra with effective temperatures in
the 15-40 keV range. It is believed that these emanate from fireballs (e.g.
[57]), whose opacity is largely controlled by magnetic Compton scattering. At
such energies, photon splitting should also be active in modifying the higher
frequency portion of the spectrum. Accordingly, such bright outbursts, and
the even stronger giant flares from SGRs (around 8-10 orders of magnitude
brighter than magnetar quiescent emission), if detected by an all-sky moni-
tor, offer excellent opportunities to probe the radiation physics and emission
region conditions in this subset of magnetars.
2.3. Active Galactic Nuclei
Active Galactic Nuclei (AGNs) emit thermally in the hard UV band with
the peak of the thermal emission falling into the 30-100 eV range. At X-
rays, a hard power law emission component is observed with photon indices
Γ = 1.5-2 [58, 59]. The power law emission is thought to originate from
the corona through the Comptonization of thermal photons by electrons of
a temperature Tc ∼100 keV [60]. The polarization of Comptonized disk
emission was studied by Sunyaev & Titarchuk [23] and Schnittman & Krolik
[31]. The coronal emission is expected to be polarized to a higher degree
(typical values of ∼ 8%) than in the case of BBHs (typical values of ∼ 2%).
Owing to the large number of interactions required to increase the energy
of the thermally emitted disk photons from a fraction of a keV to >10 keV,
photon paths parallel to the plane of the accretion disk and the corona are
more common than in the case of the photons from BBH coronae. Sunyaev &
Titarchuk [23] and Schnittman & Krolik [31] find that the spectropolarimetric
data can be used to constrain the inclination of the AGN. In the case that
the inclination of the disk is known (e.g. from the blue edge of the broad iron
line [61]), the X-ray spectropolarimetric data can be used to constrain details
of the coronal model such as the number of clumps and their over-density.
X-ray polarimetry studies of AGNs have to cope with low fluxes: Type 1
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Seyfert AGNs like NGC 4151 and NGC 5548 have X-ray fluxes on the order
of 1 mCrab [62, 63]. Furthermore, the interpretation of the data may be
complicated owing to a contamination of the emission by the non-thermal
emission from a jet.
2.4. Jets from Active Galactic Nuclei
The highly relativistic jets (collimated outflows) from accreting super-
massive black holes at the center of galaxies are sources of electromagnetic
continuum radiation all the way from the radio band to the TeV gamma-ray
band. Of particular interest for the test of jet formation models are blazars
observations. Blazars are accreting supermassive black hole systems with
one jet aligned with the line of sight. The relativistic motion of the emitting
plasma amplifies the jet emission along the direction of motion and makes
blazars some of the brightest extragalactic objects in the Universe. The spec-
tral energy distribution of the continuum emission shows a low-energy peak
and a high-energy peak. According to the standard paradigm a population
of relativistic electrons emits the low-energy and high-energy components as
synchrotron and inverse Compton emission, respectively. Magnetic fields are
thought to be an important jet component. They may even dominate the jet
energy density. Furthermore, the magnetic fields are dynamically important
and are believed to stabilize jets on spatial scales between a few light hours
and thousands of light years.
For low-energy peaked blazars (i.e. flat spectrum radio quasars) the low-
energy emission component peaks at infrared/optical wavelengths, and the
high-energy emission component peaks in the MeV gamma-ray regime. The
X-ray to gamma-ray emission of such objects is believed to be inverse Comp-
ton emission. Multiwavelength observations of the polarization degree and
polarization direction have the potential to elucidate how the hard X-rays
are emitted. In the Synchrotron Self-Compton (SSC) scenario the X-rays
come from inverse Compton interactions of electrons with co-spatially emit-
ted synchrotron photons, and one expects that the X-ray polarization tracks
the polarization of the synchrotron emission at longer (radio, infrared, and
optical) wavelengths [64, 65, 66]. The optical emission of blazars shows high
polarization degrees [67, 68] close to the theoretical expectation for a power
law electron distribution with significant pitch angles (exceeding 1/γ, with γ
the electron Lorenz factor) in a uniform magnetic field:
PS =
p+ 1
p+ 7/3
(1)
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Figure 1: Polarization degree of the synchrotron emission (solid line) and the inverse
Compton emission (dashed line) as function of the electron spectral index in SSC models
of the continuum emission from blazars. The curves assume a uniform magnetic field,
and sin ζ = 1 for the angle ζ between the magnetic field direction and the propagation
direction of the SSC photons in the jet frame.
where p is the spectral index of the electron energy spectrum. Poutanen
(1994) gives a simple expression for the polarization degree of the SSC emis-
sion PSSC as function of PS and p:
PSSC = PS
(p+ 1)(p+ 3)
p2 + 4p+ 11
sin 2ζ (2)
with ζ being the angle between the magnetic field direction and the SSC emis-
sion in the jet frame. Note that sin ζ ∼ 1 is quite likely even if the angle be-
tween the jet axis and the line of sight is only a few degrees owing to relativis-
tic aberration. Figure 1 shows the synchrotron and SSC polarization degrees
as function of the electron spectral index. GEMS should be able to decide
between the SSC scenario and alternative external Compton (EC) models
in which the target photons are provided by the accretion disk, the broad
line region, from an outer slow jet sheet, or from other upstream or down-
stream regions of the jet. Whereas the synchrotron and inverse Compton
emission should show similar polarization degrees and identical polarization
directions in the SSC scenario, EC models predict much lower polarization
fractions (<5%) and polarization directions that depend on the seed photon
source and the alignment of the jet to the line of sight [66]. High signal-
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to-noise time resolved broadband spectropolarimetric observations (e.g. 0.1
keV-100 keV) would make it possible to sample the time evolution of the
energy dependent flux, polarization fraction, and polarization direction of
several spectral components. The observations of the polarization properties
would afford the possibility to decide if different spectral components are
emitted co-spatially (similar polarization degrees and directions) or not (dif-
ferent polarization degrees and directions). If SSC models hold, polarimetric
multiwavelength observations may make it possible to identify spectral parts
(e.g. in the optical and X-ray bands) which are emitted by electrons of the
same population.
For high-energy peaked blazars (i.e. BL Lac objects), the low-energy emis-
sion component peaks in the X-ray band, and the high-energy emission com-
ponent peaks in the GeV to TeV gamma-ray regime. In the case of “extreme
synchrotron blazars” like Mrk 421, Mrk 501, and 1ES 1959+650 the low-
energy synchrotron component extends from the radio band all the way to
hard (∼100 keV) X-ray band. These objects exhibit correlated X-ray and
gamma-ray flares on time scales of minutes. The fast flares indicate that
the X-ray/TeV gamma-ray emission originates close to the black hole where
the jet energy density is highest and the jet cross section is smallest. The
observations of the polarization of synchrotron X-rays might thus allow us
to probe the structure of the magnetic field close to the base of the jet. Of
particular interest are observations of high degrees of polarization close to
the theoretical maximum indicating the presence of a uniform magnetic field.
Broadband spectropolarimetric observations (e.g. 0.1 keV-100 keV) of curved
energy spectra would make it possible to determine the polarization degree
at different energies and for different electron spectral indices and thus to
test if the polarization fraction depends on the electron spectral index as
predicted by Equ. (1).
Recently, optical polarization swings by 180◦ in temporal coincidence with
X-ray and gamma-ray flares were reported [69, 70]. If jets are threaded and
accelerated by helical magnetic fields polarization swings may be produced by
the field moving through a stationary shock feature [69]. If the explanation
is correct it should be possible to observe such polarization swings in the soft
and hard X-ray bands and to confirm the presence of a helical magnetic field
structure. If the global field morphology within the jet is quite turbulent,
there may be significant depolarization, and the temporal variations in the
degree and angle of polarization may vary in a more chaotic manner.
For all three blazar science topics described above hard X-ray observa-
13
tions have one distinct advantage over soft X-ray observations: the electrons
responsible for the hard X-ray emission cool faster than the electrons respon-
sible for the soft X-ray emission. Hard X-ray observations can thus resolve
time variable phenomena on shorter time scales – if the signal to noise ratio
is sufficiently high. Bright blazars like Mrk 421, Mrk 501, and PKS 2155-304
can reach X-ray fluxes between 10 mCrab and 100 mCrab.
2.5. Gamma-Ray Bursts
GRBs are brief flashes of gamma-rays from random locations in the sky.
For a short time period, the GRB becomes the most luminous object in the
Universe. The GRB emission is thought to originate in highly relativistic jets
powered by hypernovae (explosions of massive stars) [71, 72] or by coalesc-
ing neutron stars or neutron star black hole mergers (see the references in
[73]). Gamma-ray opacity arguments constrain the jet bulk Lorentz factors
to values ≫100 [74]. The jet launching mechanism is still highly uncertain.
In the case of long GRBs (>2 s) a newly formed spinning black hole in-
side a collapsing star may launch the jet through a combination of thermal
pressure, electric fields generated by the black hole spinning in the magnetic
field of the collapsing star, inertia of the stellar material, magnetic pressure,
and magnetic stresses (see [75] for a comprehensive discussion). Coburn &
Boggs [76] reported a strong polarization of GRB021206, however, indepen-
dent analyses did not confirm the result [77]. Kalemci et al. [78], McGlynn
et al. [79], Go¨tz et al. [80] reported on INTEGRAL observations of GRB
041219a which were consistent with a high degree of polarization but did not
support the polarization with a high statistical significance.
X-ray polarimetry has the potential to make smoking gun measurements
with regards to the mechanism responsible for the prompt emission and the
structure of GRB jets [81, 82, 83, 84, 85]. If the jets are threaded by uniform
magnetic fields and the prompt X-ray/gamma-ray emission is synchrotron
emission a GRB polarimeter would measure high polarization fractions. If
GRB jets are threaded by helical magnetic fields that accelerate and confine
the jets the polarization direction may exhibit a continuous swing as the
helical field moves through a standing shock feature (e.g. as the jet exits the
star) or as the shock moves relative to the particle accelerating shock. This
would then provide a hard X-ray analog for GRBs of the polarization swing
observed in the optical for the blazar 3C 279 [70].
Whereas a wide FoV hard X-ray experiment would be able to au-
tonomously detect GRBs a narrow FoV experiment would have to rely on
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Figure 2: Signal to noise ratio (SNR) for the detection of GRBs with a wide field of view
instrument as a function of the threshold energy E1. The SNR was computed for three
different GRB photon indices (dN/dE ∝ E−Γ): Γ = 1 (solid line), Γ = 2 (dashed line),
and Γ = 3 (dotted line). The calculations assumed a SNR limited by the noise of the
diffuse cosmic X-ray background (CXB) [87] and instruments with a uniform sensitivity
from E1 ... E2 = 4 E1. All curves were normalized to unity at E1 = 1 keV.
the detection of GRBs by other experiments to perform rapid follow-up ob-
servations. The Swift BAT localizes GRBs with an accuracy of 1-4 arcmin
within 20 sec after the start of the event [86]. Subsequent observations with
the Swift X-Ray Telescope (XRT) improve the localization accuracy to a few
arcsec a few minutes after the start of the event. The localization errors of
the Fermi GRB detectors are of the order of a few degrees. Autonomous
detection of GRBs requires a wide FoV instrument covering a substantial
fraction of the sky.
In the 0.3 keV - 150 keV energy range the energy spectra of the prompt
GRB emission can be described with power laws. The photon indices Γ
(dN/dE ∝ E−Γ) vary over a wide range from ≈1 to ≈3 [88]. For a space
borne mission in Low Earth Orbit the < ∼150 keV background usually is
dominated by the diffuse extragalactic background radiation. Figure 2 shows
the signal to noise ratio as function of the threshold energy E1, assuming an
instrument with a bandpass from E1 to E2 = 4E1. The graphs assume a
GRB photon flux proportional to dN/dE ∝ E−Γ with Γ = 1, 2 and 3, and
the diffuse extragalactic background radiation model of [87]. For the hardest
GRBs with Γ = 1 the signal to noise ratio improves with E1 showing that a
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large effective area and a wide energy bandpass are most important for the
detection of these bursts. For softer bursts a low energy threshold is essential
for a sensitive observatory.
To summarize: a GRB polarimetry mission may have a rather narrow
FoV as long as other GRB missions are still operational and can distribute
rapid GRB alerts. For all but the hardest GRBs a low energy threshold is
crucial for detecting the GRBs. An instrument with a broad energy coverage
has the obvious advantage to be able to measure the energy dependence of the
polarization properties. The first catalog of GRBs detected with the Swift
BAT in 2 1/2 years contains 237 GRBs with 15-150 keV fluences between
6×10−9 erg cm−2 and 4×10−5 erg cm−2 [89].
2.6. Solar and Stellar Hard X-ray Flares
Solar flares are powerful events releasing up to 1033 erg of which a sub-
stantial fraction goes into accelerating ions. Exceptional solar flares can ac-
celerate ions up to energies of several 10 GeV and electrons up to energies of
several 100 MeV [90]. Solar flares emit ∼100 keV photons as Bremsstrahlung.
Even though the polarization of the X-rays may be influenced by Compton
scatterings of the X-rays before they leave the Sun, the hard X-ray polariza-
tion measurements have a unique potential to constrain the electron beaming
and the orientation of the magnetic field loops with respect to the line of sight
[91, 92, 93]. Whereas X-ray energy spectra are largely independent of the
solid angle distribution of the momenta of the emitting electrons, the ex-
pected polarization degree varies from a few percent for an approximately
isotropic electron distribution to 20%-25% for highly beamed distributions
[94, 95, 96]. The X-ray continuum may be contaminated by thermal emis-
sion at lower (<50 keV) energies, but above 1 MeV the gamma-ray emis-
sion mostly consists of unpolarized nuclear line emission. The best energy
range for polarimetric observations is thus the window between 50 keV and
1 MeV. First tentative detections of the X-ray polarization of solar flares
were reported by Bogomolov et al. [97], Boggs et al. [98], Suarez-Garcia et
al. [99], Zhitnik et al. [100]. During a solar flare, the direction of the po-
larization vector relative to the magnetic field direction will depend on the
pitch angle distribution of the emitting electrons and on the viewing angle.
Firm conclusions about the direction distribution of the emitting electrons
can thus require the measurement of the polarization of many solar flares
and by exploring the dependence of the polarization properties on the view-
ing angle. The rate of solar flares depends on the solar activity. Crosby et
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al. [101] report differences of the rates of solar flares of certain peak fluxes of
between 1 and 2 orders of magnitude between solar cycle maximum and solar
cycle minimum. Solar flares can be very bright with >20 keV peak fluxes
exceeding 1000 photons cm−2 s−1 keV−1 [101].
In principle, it should also be possible to detect hard X-ray flares from
non-thermal electron populations from other stars. So far, hard X-ray studies
of stellar flares were limited by the sensitivity of the detectors. All the hard
X-ray emission recorded so far (e.g. by the BeppoSax satellite, [102]) could be
explained as thermal emission [103]. Polarimetric studies of the hard X-ray
emission from stars are beyond the sensitivity of the instruments discussed
in this paper.
2.7. Search for Lorentz Invariance Violation
For the last two decades theoretical studies and experimental searches of
Lorentz Invariance Violation (LIV) have received a lot of attention (see the
reviews by [104, 105, 106, 107]). On general grounds one expects that the two
fundamental theories of our time the General Theory of Relativity and the
Standard Model of Particle Physics can be unified at the Planck energy scale.
Under certain conditions deviations from the two theories may be observable
even at much lower energies, e.g. if effects such as a tiny difference between
the propagation speed of orthogonally polarized photons accumulate over
cosmological distances to become measurable [108, 109].
Possible consequences of LIV are energy and helicity dependent photon
propagation velocities. The energy dependence can be constrained by record-
ing the arrival times of photons of different energies emitted by distant ob-
jects at approximately the same time [110], e.g. during a Gamma-Ray Burst
[111] or a flare of an Active Galactic Nucleus [112]. The energy and helicity
dependence can be constrained by measuring how the polarization direction
of an X-ray beam of cosmological origin changes as function of energy [113].
Since linear polarization is a superposition of two monochromatic waves with
opposite circular polarizations, a helicity dependent speed of light would lead
to a rotation of the polarization direction along the photons’ path. As the
deviation of the speed of light from its value at low photon energies would
depend on energy, the propagation through space should lead to a frequency
dependent polarization swing superimposed on the source inherent variation
of the polarization properties. Depending on the dispersion relations for the
different photon helicities, observations over a given frequency range could
lead to three different outcomes: (i) the effect could be too small to lead to
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observable consequences, (ii) it could have just the right magnitude to lead
to a swing of the polarization direction in the covered frequency range, and
(iii) it could be so large that even observations over a narrow energy band
(given by the energy resolution of the telescope) would average over several
polarization swings and would lead to a zero net-polarization. The obser-
vation of a linearly polarized signal from a cosmological source can thus be
used to set an upper limit on the magnitude of the LIV effect (see [114] and
references therein).
If the photon velocity depends on the photon helicity, birefringence mea-
surements tend to yield more sensitive tests of the underlying models than
time dispersion measurements. If the source of the photons is at distance
L and photons exhibit a group velocity difference ∆ vg the measured time
dispersion is
∆t ≈ L∆vg
c2
(3)
The detection of an extremely fast (1 µs) burst of X-rays from a GRB at
a light travel time of L = 1 Gpc would allow us to probe group velocity
differences down to
∆vg
c
≈ ∆t (L/c)−1 ≈ 10−23 ∆t
1µs
(
L
1Gpc
)
−1
(4)
The same group velocity difference would lead to a phase difference
∆φ ≈ Lν∆vg
c2
(5)
where ν is the (mean) frequency of the observed photons. A measurement of
the phase difference with an accuracy of ∆φ = 10◦ would allow us to access
group velocity differences down to
∆vg
c
≈ ∆φ(L/λ)−1 ≈ 10−37 ∆φ
10◦
(
Eγ
100 keV
)
−1(
L
1Gpc
)
−1
(6)
where Eγ and λ are the mean energy and wavelength of the observed pho-
tons. Comparison of Eqs. (4) and (6) demonstrates the power of polarimetric
observations.
Equation (6) shows that deviations of the speed of light can be measured
with an accuracy proportional to (L/λ)−1 ∝ E−1γ . Measurements at higher
energies and shorter wavelengths thus lead to better constraints. LIV is
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thought to be a high-energy phenomenon; the deviation of the speed of light
is expected to increase with energy. Using an expansion in powers of Eγ
∆vg
c
=
∞∑
n=1
η(n) (Eγ/EPl)
n (7)
with EPl the Planck energy, we infer that the accuracies of the birefringence
constraints on the coefficients η(n) scale as E
−(n+1)
γ . Presently, the best con-
straints on the LIV coefficients come from the observations of polarized opti-
cal/UV emission from a GRB afterglow at redshift z = 1.255 at a frequency
of 5×1014 Hz [114]. Polarimetric hard X-ray observations (Eγ ∼100 keV) of
a GRB or an AGN at a similar redshift would improve on these limits by 9
orders of magnitudes for n = 1. For n = 2 hard X-ray polarimetry would
lead to an even larger improvement by 14 orders of magnitudes. Note that
the concept of birefringence involves anisotropy. General constraints on po-
larization dependent LIV thus require polarimetric observations of a sample
of GRBs or AGNs from different directions [115].
3. Hard X-ray polarimeters: four technical approaches and their
performance
3.1. General considerations
The linear polarization of photons with energies between ∼10 keV and
several MeV can best be measured based on the Compton effect. Such mea-
surements take advantage of the fact that linearly polarized photons are
preferentially scattered into a direction perpendicular to the electric field
orientation. Combining a low-Z scatterer with a high-Z absorber leads to a
high probability for a Compton interaction in the low-Z material followed
by a photoeffect absorption in the high-Z material. The polarization can be
measured by histogramming the distribution of azimuthal scattering angles
and fitting a sinusoidal modulation to the histogram. The modulation of the
recorded azimuthal angles depends on the energy of the incident photons,
the polar scattering angle, and the design of the detector assembly. At low
photon energies the dominance of photoeffect interactions over Compton in-
teractions results in a “low energy threshold” of a polarimeter that depends
on the atomic number Z of the Compton scatterer. Figure 3 shows the “ef-
ficiency for Compton scattering” for different materials where the efficiency
ǫ is defined as the ratio of the scattering cross section (including coherent
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Figure 3: Compton scattering efficiency as function of energy for Li, C, Si, and CZT (from
left to right). The efficiency is defined here as the Compton scattering cross section divided
by the total cross section. The cross section data are from [116].
scattering) and the total cross section. If we define a threshold energy by the
condition ǫ > 0.1 we get threshold energies of E0.1 = 4.2 keV for Li, E0.1 =
9.0 keV for C, E0.1 = 21.5 keV for Si, and E0.1 = 86.1 keV for the semi-
conductor compound Cd0.9Zn0.1Te. The 50%-efficiency points are reached at
the energies E0.5 = 8.8 keV for Li, E0.5 = 19.8 keV for C, E0.5 = 52.1 keV
for Si, and E0.5 = 246.4 keV for Cd0.9Zn0.1Te.
The background can be reduced by requesting the temporal coincidence
between a hit detected in the low-Z scatterer and in the high-Z absorber. In
this case the energy threshold of the low-Z detector is likely to determine the
energy threshold of the polarimeter because photons with energies of a few
10 keV (≪ mec2) deposit only a small fraction of their energy in the first
interaction. Assuming a scattering angle of 90◦ and neglecting the binding
energy of the electron, the energy of the Compton electron as function of the
energy of the primary photon Eγ is (see Fig. 4):
Ee =
E2γ
mec2 + Eγ
(8)
The Compton electron receives an energy of Ee = 0.2 keV, 1.2 keV, 4.5 keV,
and 16 keV for Eγ = 10 keV, 25 keV, 50 keV, and 100 keV, respectively.
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Figure 4: The energy of the Compton electron Ee as function of the energy of the primary
photon Eγ for a polar scattering angle of 90
◦.
As mentioned above the information about the polarization of the gamma-
ray beam is encoded in the azimuthal scattering angle distribution. The
sensitivity of a polarimeter depends on the modulation factor
µ =
nmax − nmin
nmax + nmin
(9)
where nmax and nmin refer to the maximum and minimum counts in a az-
imuthal scattering angle histogram.
The modulation factor of Compton scattered radiation can be computed
based on the Klein-Nishina cross section [117]:
dσ
dΩ
=
r20
2
k21
k20
[
k0
k1
+
k1
k0
− 2sin2θcos2η
]
(10)
with r0 the classical electron radius, k0 and k1 the wave-vectors before and
after scattering, θ the scattering angle (the angle between k0 and k1), and η
the angle between the electric vector of the incident photon and the scattering
plane. The equation for the modulation factor reads:
µ(θ) =
(
dσ
dΩ
)
η=pi/2
− ( dσ
dΩ
)
η=0(
dσ
dΩ
)
η=pi/2
+
(
dσ
dΩ
)
η=0
=
sin2θ
k0/k1 + k1/k0 − sin2θ
(11)
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Figure 5: The left panel shows the modulation factor as function of the polar scattering
angle for photon energies of 10, 100, 200, and 500 keV (from top to bottom). The right
panel shows the modulation factor averaged over the solid angle and the Klein-Nishina
cross section.
where k1 can be computed as function of k0 and θ with the help of the
Compton formula:
∆λ =
h
me c
(1− cosθ) (12)
The left panel of Fig. 5 shows the modulation factor as function of θ for
several initial photon energies. The right panel of the same figure shows the
solid angle and cross section averaged modulation factor as function of energy.
Whereas perpendicular scatterings (θ = π/2) at low energies Eγ ≪ mec2 have
µ ≈ 1, the modulation is ≪1 for scatterings in the forward and in the back-
ward direction. The modest modulation factors µ ∼ 0.5 achieved with the
polarimeters discussed below largely result from averaging over solid angles.
Systematic biases are a great concern for X-ray polarimeters. An effective
means to deal with systematics is a rotation of the telescope around the op-
tical axis. The azimuthal distribution of the detected Compton events can
then be analyzed in celestial coordinates (to extract the polarization of the
emission) and in detector coordinates (to estimate the systematic errors).
The RHESSI experiment was rotated at 0.25 Hz, a property that was ex-
ploited for polarimetry measurements [118, 76]. The method fails for sources
with substantial flux variations on the time scale of the rotation period (e.g.
GRBs and fast AGN flares). Another complication are time variable back-
grounds if the background changes on shorter time scales than the rotation
period.
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3.2. Four Detector Assemblies for Hard X-Ray Polarimetry
In this section the performance of four hard X-ray polarimeters is com-
pared to each other. We discuss the four designs in turn. For descrip-
tions of other hard X-ray polarimeters the interested reader might consult
[17, 119, 120, 121, 19]. The first design is a detector configuration for the
focal plane of a Wolter-type (imaging) mirror assembly similar to the one
used in the HERO [122], HEFT [123], InFOCµS [125] and NuStar [123, 124]
experiments.
The other three polarimeters are large area polarimeters which could be
used with a collimator for narrow FoV observations of individual sources
or with a collimator plus coded mask assembly for wide FoV imaging sky
surveys.
We do not evaluate full telescope designs in this paper but limit the
discussion to the detector section. We consider the particular case that the
signal strongly dominates over the background and that the latter is therefore
negligible. The main objective of the study is to determine how well the four
designs make use of the signal photons. The design of four full experiments –
including the optimization of the background shielding and the full simulation
of all background sources – is outside the scope of this paper. For all four
detector assemblies we assume a photon collection area of 1,600 cm2. In the
case of the narrow FoV polarimeter the 1,600 cm2 would be the effective
area of the mirror assembly (in practice: the effective area of several mirror
assemblies which focus the X-rays on several identical polarimeters). For
the wide FoV polarimeters the photon collection area equals the actual area
covered with detectors. The estimated sensitivities correspond to the case
that the detector assemblies are used with a collimator. If used with a coded
mask the photon collection area is smaller than the detector area as a part
(∼ 50%) of the detector area is shadowed by the mask elements. The energy
range of the narrow FoV polarimeter is limited at the low-energy end by the
low-energy threshold of the CZT detectors (10 keV), and at the high-energy
end by the high-energy cut-off of the mirror (80 keV). The energy range
of the large area experiments is given at the low-energy end by the energy
threshold of the scattering-detectors. The polarimeters could detect photons
into the MeV energy range.
The design of the detector assembly for the narrow FoV experiment (Fig.
6, Design 1) uses a cylindrical 14 cm long 4 mm diameter scintillator rod
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Figure 6: Design of the scintillator-CZT polarimeter (Design 1) to be used in the focal
plane of a hard X-ray Wolter-type mirror assembly. The X-rays are focused on a cylin-
drical scintillator. The scattered X-rays are detected with pixelated CZT detectors. The
scintillator (energy threshold 2 keV) can give a time coincidence signal to tag source events.
inside a rectangular 16 cm long assembly of CZT detectors. Depending on
the focal length and diameter of the X-ray mirrors, larger diameter rods may
be required. The major axis of the scintillator rod and the CZT detector
assembly are aligned with the optical axis of a Wolter-type mirror assembly.
The scintillator rod uses a fast scintillator (EJ-2001, Z¯ = 3.4, ρ = 1.023 g
cm−3) with a decay time of 2.1 nsec. The scintillator rod is read out with
a photodetector (PMT or Geiger mode avalanche photodiode) at the rear
side of the assembly. The CZT detector configuration is made of 32 detector
units each 0.2×2×2 cm3 with a monolithic cathode oriented towards the in-
side of the assembly and 8×8 anode pixels oriented towards the outside. We
assume that the scintillator and the CZT detectors achieve energy thresholds
of 2 keV and 10 keV, respectively. Two types of events are recorded: events
with one or more triggering CZT pixels (high-background events), and events
with a trigger of one or more CZT pixels and a trigger of the scintillator slab
(low-background events). The figures below will show the results obtained
for the CZT trigger. Additional results for the CZT and scintillator trig-
ger will be described in the text. The scintillator/CZT coincidence window
should exceed ∼ 1µs – the signal formation time in the CZT detectors. The
interaction depths of the energy depositions in the CZT detectors can be
estimated based on the anode-to-cathode signal ratio [126, 127, 128]. The
1http: //www.eljentechnology.com/datasheets/EJ200%20data%20sheet.pdf
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Figure 7: Design of the Si-CZT-BGO polarimeter (Design 2) to be used with a collimator
or a collimator/coded mask. The assembly includes stacks of 2 mm thick Si detectors with
a combined foot print of 40×40 cm2 and a combined thickness of 1.6 cm. Individual Si
detector units are 2 mm thick, have a footprint of 10 × 10 cm2, and have crossed anode
and cathode strips at a pitch of 2 mm. The Si detector assembly is followed by an array
of CZT detectors (footprint: 40×40 cm2, thickness: 0.5 cm, each CZT detector unit:
0.5×2×2 cm3, 64 anode pixels at a pitch of 2.5 mm, one cathode with guard ring). A ring
of 1 cm thick, 5.04 cm wide and 45 cm high BGO scintillation detectors surrounds the Si
and CZT detector assembly.
depth information can be used to suppress photons and charged particles that
deposit their energy close to the outer edges of the CZT detector assembly.
The azimuthal scattering angle is determined from the position of the pixel
with the highest signal assuming that the photons scatter off the scintillator
at the optical axis. As grazing angle mirror technology is limited to energies
≤80 keV, we show all results for Design 1 over the limited energy range from
10 keV to 80 keV. As will be shown below the polarimeter is very sensitive.
However, it does not provide imaging information even though it is located
in the focal plane of a Wolter type mirror assembly. For the description of a
less sensitive polarimeter with imaging capabilities see [120].
The second detector assembly (Fig. 7, Design 2) is similar to the pro-
posed polarimeter HX-POL [134]. The detectors cover a large area and could
be used without focussing optics either with a pencil beam collimator or a
coded mask assembly. The design uses 1.6 cm thick stacks of Si detectors in
front of one layer of 0.5 cm thick CZT detectors. The Si and CZT detectors
are surrounded by a 45 cm high assembly of BGO slabs (each 5.125 cm wide
and 1 cm thick). The Si detector assembly is made of 4×4 detector stacks.
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Each stack is made of eight Si cross-strip detectors. Each Si detector has a
10×10 cm2 footprint and is 2 mm thick. The Si detectors are read out with
anode and cathode strips at a pitch of 1.4 mm, with the cathode strip direc-
tion oriented 90 degrees to that of the anode strips. A particle interaction
produces a charge pulse on the contacts above and below the interaction,
giving the x-y position of the event. The CZT detector array is located 1 cm
below the Si detector assembly and is made of 10×10 CZT detectors, each
5 mm thick and with a footprint of 4×4 cm2. The CZT detectors are read
out with 16×16 anode pixels at a pitch of 2.5 mm and with four quadratic
2×2 cm2 cathode segments. In the case of HX-POL Application Specific
Integrated Circuits (ASICs) are used to read out the Si and CZT detectors.
Currently, the energy threshold of the Si and CZT detectors are 12 and 25
keV, respectively [134]. Modifications of the ASICs are expected to lead to
lower energy thresholds of 5 keV and 10 keV, respectively. Each BGO slab
would be read out with one photomultiplier tube and we assume an energy
threshold of 30 keV. In the discussion below we distinguish between four
types of events: (i) events which trigger one or more Si detectors and one
or more CZT detectors, (ii) events which trigger ≥2 Si detectors, (iii) events
which trigger ≥2 CZT pixels (excluding events with hits in two horizontal or
vertical next-neighbor-pixels), and (iv) events which trigger one Si detector
or one CZT pixel and one or more BGO detectors. If a detector compo-
nent detects two energy depositions but only one interaction is needed for
the reconstruction of the azimuthal scattering angle, we use the location of
the higher energy deposition in the analysis. An optimized analysis which
uses a “sequencing algorithm” to identify the most relevant interactions (e.g.
[130]) and weighs events according to their information content is outside the
scope of this paper. We note that using sequencing algorithms will only lead
to a modest improvement of the sensitivity of the polarimeter. The MDP
scales roughly proportional to the inverse of the square root of the number
of properly reconstructed events. The fraction f of events which could po-
tentially benefit from a more sophisticated analysis (events with more than
two interactions) is less than half of all events: 38%, 28%, 13%, and 5%, for
the event types (i)-(iv), respectively. The reduction of the MDP achieved
with a sequencing algorithm is expected to be smaller than by a factor of√
1 + f , as even sophisticated sequencing algorithms cannot determine the
relative order of the interactions with absolute certainty. For example, Xu
et al. (2006) [130] discuss sequencing algorithms for multiple interactions in
CZT detectors. For events with two detected interactions, their algorithm
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Figure 8: Design of the plastic scintillator - BGO polarimeter (Design 3) to be used with a
collimator or a collimator/coded mask. The detector assembly is made of 8×8 polarimeter
modules. Each module (left panel) is made of 8×8 scintillator slabs optically coupled to
one 64 channel Multi Anode Photomultiplier (MAPMT). Each slab has a footprint of
0.5×0.5 cm2 and is 5 cm long. The inner 36 slabs are made of low-Z plastic scintillator
and the outer 28 slabs are made of high-Z BGO scintillator. The right panel shows how
the polarimeters modules are exposed to the incoming X-ray radiation.
identifies the first interaction with a probability of 95% at 100 keV, 80% at
250 keV, and 60% at 500 keV. For 662 keV primary photons, the algorithm
identifies the correct order of the interaction for less than half of the events.
Sequencing algorithm are thus expected to lead to a ≪20% reduction of the
MDP.
The third detector assembly is similar to the one proposed for the POET
and GRAPE experiments [131, 132]. The detector assembly is made of an
8×8 array of polarimeter modules (Fig. 8, Design 3). Each module consists of
an 8×8 array of scintillator slabs (5×5×50 mm3) which form a module with
5.08×5.08 cm2 footprint (including gaps between the scintillator slabs). Each
module is read out by one Multi-Anode Photomultiplier (MAPMT) with 64
pixels. The 36 central elements of a module are low-Z plastic scintillator
slabs (EJ-204). These “scattering” elements are surrounded by a “ring” of
28 high-Z BGO scintillator elements. A valid polarimetry event has one hit
in the plastic scintillator and one in the BGO scintillator. Motivated by the
experimental results of Bloser et al. [133] we use energy thresholds of 6 keV
and 30 keV for the plastic and BGO scintillators, respectively.
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Figure 9: Design of the CZT polarimeter (Design 4) to be used with a collimator or a
collimator/coded mask. The detector assembly is made of an 40×40 cm2 array of 0.5 cm
thick CZT detectors (each CZT detector unit: 0.5×2×2 cm3, 1024 pixels at 0.6 mm pitch,
one cathode with guard ring).
The fourth detector assembly is similar to the detector assembly of the
Energetic X-ray Imaging Space Telescope EXIST 2 [135] – but smaller. EX-
IST is a proposed hard X-ray all sky survey mission with a detector area of
4.5 m2 and a tungsten shadow mask for coded mask imaging. We consider
here an assembly with a detection area of 1,600 cm2 made of 0.5 cm thick
CZT detector units with a footprint of 2×2 cm2 each (Fig. 9, Design 4). We
assume that the CZT detectors are read out with pixels at a pitch of 600
microns as planned for EXIST. The EXIST design foresees to bump-bond
1024 channel ASICs directly to the CZT substrates. The CZT detectors are
then tiled without gaps between adjacent detectors. In the case of EXIST,
the detectors view the sky through a hybrid coded imaging mask made of
tungsten elements of 0.3 mm and 3 mm thickness, and use a partially active
and partially passive shield and collimator assembly.
An assembly of CZT detectors can be used as a Compton polarimeter
by analyzing events with energy depositions in two or more pixels of one or
more CZT detector units. One property of CZT detectors is that energy
depositions below two adjacent pixels will lead to charge induced on the two
pixels (see e.g. [136]). Such “charge sharing events” can mimic Compton
2http://exist.gsfc.nasa.gov/
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events. We find that the exclusion of events with the maximum energy de-
positions in horizontally or vertically adjacent pixels effectively suppresses
such charge sharing events [129]. Another concern is the effect of “weighting
potential cross talk” created by holes that induce charge on several adja-
cent pixels when drifting to the cathode side of the detector [138]. Using
an ASIC with drift time measurement capability makes it possible to mea-
sure the photon interaction depth, and to properly identify true Compton
events [139, 140, 138]. In practice, a CZT-only polarimeter may require such
ASICs (presently not foreseen for EXIST). In our simulations, we assume
that weighting potential cross talk leads to a negligible number of events
which mimic Compton events. Following Hong et al. [137], we estimate that
a single-pixel energy threshold of 5 keV can be achieved. The Harvard group
(Grindlay et al.) is presently testing first 5 mm thick CZT detectors bonded
to 1024 channel ASICs. We plan to make a joint study to experimentally
verify the polarization measurement capabilities of the detectors.
3.3. Monte Carlo Simulations and Analysis Methods
We studied the performance of the four detector assemblies based on a
Monte Carlo study with the GEANT4 package [141]. We did the simulations
for Design 1 twice, once with the Standard Electromagnetic Physics List,
and, once with the Livermore Low-Energy Electromagnetic Models3. In the
following, we will show the results for Design 1 from the latter package as it
includes a more detailed modeling of low-energy processes for photon energies
down to 0.25 keV. We compared the results obtained with both simulation
packages. The two packages gave slightly different rates of detected Compton
events and slightly different modulation factors. The overall MDPs computed
with the two packages were the same up to two significant digits. For Designs
2-4 we only did the simulations with the Standard Electromagnetic Physics
List.
For each detector configuration, 2 million polarized and 2 million unpo-
larized photons were simulated. Photons with energies between 10 keV and
80 keV (Design 1) and 30 keV and 1 MeV (Designs 2-4) were generated ac-
cording to the Crab spectrum measured with the Swift Burst Alert Telescope
3https://twiki.cern.ch/twiki/bin/view/Geant4/LoweMigratedLivermore
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(BAT) telescope [142]:
dN
dE
= 10.17
(
E
1 keV
)
−2.15
ph cm−2 s−1 keV−1. (13)
The corresponding >10 keV energy flux is 5×10−8 erg cm−2 s−1. The inci-
dent photons and their secondaries are tracked through the detector volumes
while energy deposits, the interaction locations, and interaction processes are
recorded. For all simulations the instruments were placed in a near-vacuum,
similar to a low-Earth orbit environment. The GEANT4 simulation is fol-
lowed by a simple detector response simulation. For each event the code
computes the energy deposited in the individual detectors and - if applicable
- in the pixels, strips or slabs of the detectors. A detector signal is used
for the analysis if the deposited energy exceeds the energy threshold of the
detector. If an event triggers more than two detector elements, only the two
signals with the highest energy depositions are used. The events were re-
weighted so that the number of detected photons corresponds to a 100 ksec
observation of the Crab Nebula. The exposure corresponds to a >10 keV
fluence of 5×10−3 erg cm−2.
We characterize the sensitivity of the polarimeters with the minimum
detectable polarization (MDP) that can be detected on the 99% confidence
level:
MDP =
4.29
µRsrc
√
Rsrc +Rbg
T
(14)
where µ is the modulation factor (compare Equ. 9), Rsrc is the total source
counting rate, Rbg is the total background counting rate, and T is the inte-
gration time. The MDP has a value between 0 and 1 and gives the polarized
fraction of a signal which leads to a detection on the 99% confidence level. As
mentioned above, the modeling of the background, shielding, and background
suppression is outside the scope of this paper. We limit our analysis to situa-
tions where the signal dominates strongly over the background (Rsrc ≫ Rbg)
and we assume Rbg = 0 in the following.
For some of the detector configurations discussed in the following the φ-
distributions show modulations even for unpolarized X-ray beams because of
a non-uniform detector acceptance or because of binning effects (compare Fig.
12). Following Lei et al. [17] we correct the φ-distributions by normalizing
the polarized φ-histograms to the unpolarized histograms. The number of
entries ni in the i
th bin of the φ-histogram of the polarized signal is scaled
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according to the equation:
n′i = ni
m¯
mi
(15)
where m¯ is the mean number of entries per bin of the φ-histogram of the
unpolarized signal and mi is the number of entries in the i
th bin of this
histogram. The prescription flattens the φ-distribution of unpolarized beams
and leads to a sinusoidal modulation pattern for polarized beams.
We performed a series of simulations to study the effect of the non-uniform
detector responses and binning effects of the Designs 1-4 (see Fig. 12) on the
validity of Equ. (14). Non-uniformities can deteriorate the MDP of a po-
larimeter for given source and background detection rates, as certain φ-ranges
may be underexposed. The relatively large fluctuations in these φ-ranges can
lead to relatively large chance polarization degrees. As a consequence, the
minimum polarization degree that can be detected with high statistical sig-
nificance can increase. For each design, we used the simulated φ-histogram
for an unpolarized incident photon beam as a template to simulate 100,000
statistically independent realizations of the histogram for one determination
of the MDP. Each simulated φ-histogram (bin content and bin error) was cor-
rected for the non-uniform detector response according to Equ. (15). Taking
into account the proper error bars, the rescaled histogram was then fitted
with the model
n(a0, φ0;φ) = n¯ (1 + a0 µ cos [2(φ− φ0)]) (16)
The value n¯ is the mean number of entries in each bin of the histogram: n¯ =
n0/N , if n0 events were recorded and the histogram has N bins. The values
a0 and φ0 denote the best-fit polarization degree and polarization direction,
respectively. After histogramming for all 100,000 artificial φ-histograms the
best-fit a0-values, the MDP was determined as the a0-value being larger
than 99% of the histogrammed values. For all four detector designs such
simulations were performed for the n0-values of 1000, 2000, 5000, 10,000,
and 20,000. For Designs 1-3 we find an excellent agreement of the MDPs
from Equ. (14) with the MDPs determined from the simulations within the
accuracy of the simulations (±1% fractional accuracy). For Design 4 we find
that Equ. (14) underestimates the MDP by a factor of 1.08 – independent
of n0. In the discussion below, we thus use Equ. (14) for Designs 1-3. For
Design 3, we multiply the result of Equ. (14) by the correction factor 1.08.
The performance estimates discussed in the following rely on Monte Carlo
simulations with the GEANT4 package. The authors of the GEANT4 code
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Design 1 Design 2 Design 3 Design 4
Rsrc [Hz] 431.1 54.0 20.6 2.0
Peak efficiency 0.85 (70 keV) 0.3 (145 keV) 0.11 (145 keV) 0.035 (416
keV)
µ 0.52 0.38 0.41 0.61
MDP 0.13% 0.48% 0.73% 1.7%
Table 1: Performance of the four detector assemblies: the rate of Compton events for a
Crab-like source Rsrc, the peak detection efficiency and the energy at which this efficiency
is achieved, the modulation factor µ and the minimum detectable polarization MDP.
tested the simulations of Compton processes by comparing simulated results
to analytical results [145]. Although the results (i.e. the scattering rates
and the observed modulation factors) are consistent with simple estimates
based on Eqs. (10) and (11), it would be desirable to validate the simulations
by a comparison to experimental data. A comparative study of GEANT4
with the experimentally validated simulation package GEANT3 (including
the GLECS and GLEPS extensions) [146, 147, 148, 149, 133] is underway
(M. McConnell, private communication). As described further below, we
will compare the simulations of Design 1 to experimental data in the near
future.
3.4. Results
In this section we discuss the performance achieved with the four po-
larimeters. The most important results are summarized in Table 1. Fig. 10
shows the detection rates of the four experiments for a strong source with
a Crab-like flux. Design 1 (the scintillator-CZT assembly in the focal plane
of focussing X-ray mirrors) achieves the lowest energy thresholds. If the
only trigger condition is a >10 keV hit in one or more CZT detectors the
assembly is sensitive down to primary photon energies of 10 keV. Requir-
ing in addition an energy deposition of >2 keV in the scintillator rod raises
the energy threshold of detected photons to ∼20 keV and the peak of the
differential detection rate increases from 20 keV to 40 keV. Design 2 (the
Si-CZT-BGO detector assembly) has an energy threshold of approximately
50 keV. In this case the energy threshold is determined by the energy thresh-
old of the Compton scatterer. The threshold of the Si-Si events and the
Si-BGO events is lower than for Si-CZT events owing to “back-scattered”
photons which leave a larger fraction of their energy in the Si-detectors than
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Figure 10: Differential detection rates of Compton events for the four detector designs.
The figure assumes a source with a Crab-like spectrum and flux. For Design 1 the solid
line shows the rate of events triggering one or more CZT detectors and the dashed line
shows the rate of events triggering one or more CZT detectors and the scintillator. The
latter events will be less contaminated by background. For Design 2 the solid line shows
the total rate of detected Compton events; the other lines show the rates for the different
types of events separately.
the “forward-scattered” photons that are subsequently photo-absorbed in the
CZT detectors. Whereas Design 3 (the plastic/BGO scintillator detector as-
sembly) also achieves a 50 keV energy threshold, Design 4 (the CZT-only
experiment) has a much higher energy threshold of 100 keV owing to the
dominance of photoeffect interactions over Compton scatterings at lower en-
ergies. The integral detection rates for Designs 1-4 are 431.1, 54.0, 20.6, and
2.0 Hz, respectively (Table 1).
The detection efficiencies of the four detector configurations are shown in Fig.
11 and the peak efficiencies are listed in Table 1. The efficiency is defined
here as the fraction of photons impinging on a detector assembly that trig-
gers the instrument and enters the polarization analysis. Design 1 achieves
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Figure 11: Differential efficiencies for the four detector assemblies. The efficiency is defined
here as the fraction of all photons hitting the detector assembly which causes a trigger and
enters the polarization analysis. The different lines show the results for different types of
events as in Fig. 10.
high peak detection efficiencies of 85% at 70 keV. All source photons hit the
scintillator rod at approximately the same location. Owing to the length of
the rod a large fraction of the photons Compton scatter in the low-Z mate-
rial. The small-diameter of the rod makes it possible that a large fraction
of the scattered photons escape. Finally, the large solid angle coverage of
the high-Z CZT detector assembly assures that a large fraction of scattered
photons is photo-absorbed. The net detection efficiency of Design 2 is lower
than for Design 1 and reaches a peak-value close to 30% at 145 keV. The
efficiency peaks at higher energies owing to the higher Z and the higher trig-
ger threshold of the Si Compton scatterer. The peak efficiency results from
the conspiracy of several facts including the partial transparency of the Si
detectors and the CZT detectors at >100 keV energies and a rather high
probability that photons backscatter from the Si and escape absorption in
the CZT and BGO. The peak detection efficiency of Design 3 is about 11% at
145 keV. In this detector configuration events are lost owing to the facts that
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Figure 12: Distribution of azimuthal scattering angles for the four detector assemblies for
polarized (solid lines) and unpolarized (dashed lines) incident beams. For Design 1 we
used events which triggered one or more CZT detectors. For Design 2 the distribution is
shown for events with one interaction in a Si detector and one or more interactions in a
CZT detector.
(i) the low-Z plastic scintillator covers only 56% of the area and 44% of the
events hit the high-Z BGO scintillator first, (ii) Compton scattered photons
may be absorbed in the low-Z plastic scintillator before reaching the high-Z
BGO scintillator, (iii) events can escape towards the front and rear sides of
the assembly. The detection efficiency of Design 4 maxes out at relatively low
values of 3.5% at 416 keV. At the low-energy end the low efficiencies result
from the dominance of photoeffect interactions. Even if a photon Compton
scatters it is quite likely that it is absorbed before it can propagate to the
next admitted pixel. At higher energies the CZT detectors become partially
transparent, and a large fraction of photons escapes the detectors towards
the front or the rear of the assembly.
Figure 12 shows exemplary azimuthal scattering distributions for the four
detector configurations for unpolarized and polarized X-ray beams (before
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correction for non-uniformities). Here and below the graphs of Design 1 show
the results for events triggering one or more CZT detectors (no scintillator
trigger required); for Design 2 the results are shown for all event types.
The φ-distribution for an unpolarized beam shows some modulation
(17%) for Design 1 owing to the large pixel size (2.5 mm) and associated
binning effects. We confirmed that the binning effects go away for finer pix-
elated detectors by simulating Design 1 also with CZT detectors with pixel
pitches of 350 microns and 600 microns. The analysis of the simulation results
confirmed that the achieved MDP does not depend on the pixel pitch. For
Design 2 the unpolarized φ-distribution for the Si-CZT events (upper right
panel) is rather uniform. The unpolarized φ-distributions for the Si-Si events,
Si-BGO events and CZT-BGO events (not shown) are also flat. An exception
is the unpolarized φ-distribution of the CZT-CZT events (not shown, see the
panel of Design 4 for a similarly modulated φ-distribution). The pronounced
modulation (16%) of the unpolarized φ-distribution of Design 3 (lower left
panel) results from the geometry of the detector configuration, i.e. the fact
that events scattered in the plastic scintillators encounter low-Z and high-Z
material with effective thicknesses that depend on the azimuthal scattering
angle. A random distribution of low-Z and high-Z scattering elements in the
detector plane may remove these non-uniformities. The rather large mod-
ulation (40%) of the unpolarized φ-histogram of Design 4 results from the
limited propagation length of scattered photons in the CZT material. The
histogram clearly shows event accumulations at φ = ±1
4
π corresponding to
hits in diagonal next-neighbor pixels.
The correction discussed in Section 3.3 flattens the φ-distributions of the
unpolarized beams and leads to a sinusoidal modulation of the φ-distributions
of the polarized beams (Fig. 13). After the correction, the modulation factors
are typically ∼0.5 (see Table 1). Detector configurations for which the polar
scattering angles close to π/2 are more common (e.g. in the case of the CZT-
only polarimeter) achieve higher µ-values. The modulation factors exhibit
only a weak energy dependence (Fig. 14).
In the following we present the sensitivities of the four polarimeters for a 100
ksec observation of a source with a Crab-like flux and energy spectrum. The
integral MDPs achieved with the four detector configurations are compiled
in Table 1. It should be noted that the MDPs are only valid for the case
that the signal strongly dominates over the background. Design 1 achieves
the lowest MDP (0.13%) followed by Design 2 (0.48%), Design 3 (0.73%),
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Figure 13: The distributions of azimuthal scattering angles for a polarized X-ray beam
after correcting for instrumental non-uniformities for the four detector assemblies. The
distributions for unpolarized beams are not shown as they are constant owing to the
correction.
and Design 4 (1.7%). The energy resolved MDPs are shown in Fig. 15. One
clearly sees that Design 1 is a low-energy instrument achieving the lowest
MDP values at 24 keV. Designs 2 and 3 are most sensitive at ∼70 keV, and
Design 4 at 200 keV.
If Design 1 is used with the requirement of a CZT energy deposition
exceeding 10 keV and a scintillator energy deposition exceeding 2 keV the
detection rates drops from 431 Hz to 149 Hz and the MDP increases from
0.13% to 0.20%.
The background is expected to be lowest for the scintillator-CZT detector
assembly (Design 1) in the focal plane of a Wolter-type mirror assembly: the
narrow-FoV makes it possible to shield the detector assembly with a solid
angle coverage close to 4π. Furthermore, the total mass of the detectors is
much smaller than for the other three designs as the photon collection area
is provided by the mirror assembly and not by the detectors themselves. The
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Figure 14: Modulation factors as function of energy for the four polarimeters. For Design 1
the modulation factors are shown for two trigger conditions. For Design 2 the modulation
factors are shown when summing the φ-distributions over all event types (solid line) and
for individual event types (other line styles, see legend).
large mass of the detectors of Designs 2-4 unavoidably scatters high-energy
photons and particles and leads to a comparatively high background.
We derived order of magnitude estimates of the expected background
rate for Design 1 and for Designs 2-4. The results can be used to get a
rough estimate for which detector configurations and source strengths the
background may indeed be negligible. Our background estimates for Design 1
assume three identical mirror/polarimeter assemblies. Each mirror assembly
has an effective mirror area of 533 cm2, a maximum mirror diameter of
40 cm, and a focal length of 10 m. Each of the three mirror assemblies
could be similar to the two mirror assemblies used for the NuSTAR mission
[124]. The three mirror assemblies focus the X-rays onto three identical
polarimeters of Design 1. Assuming an aperture of 4◦ diameter (similar to
the one used of NuSTAR), we estimate a very low 10-80 keV CXB aperture
flux count rate. The count rate from CXB photons being focussed by the
mirrors onto the scattering slab is somewhat larger but still below 1/1000 of
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Figure 15: Differential MDPs of the four polarimeters. The binning was chosen to have six
statistically independent bins between 10 keV and 80 keV (Design 1) and ten statistically
independent bins between 30 keV and 1 MeV (Designs 2-4). For all four designs the
binning corresponds to a ∆log10E of 0.15 per energy bin. The lines between the data
points are only shown to guide the eye.
the count rate produced by a 1 Crab source. The dominant background will
probably be internal backgrounds and the shield leakage background. Using
the 10 keV - 80 keV background estimate of 3×10−4 s−1 cm−2 keV−1 from
the simulations of the NuSTAR experiment [124], we estimate that the high-
background event sample (no scintillator coincidence required) will have a
total background count rate corresponding to the rate of Compton scattered
events from a 17 mCrab source. This estimate accounts for all the background
events in 96 CZT detectors of the three identical polarimeters, and assumes a
combination of active and passive shielding and the reduction of background
events based on the reconstruction of the depths of the interactions, similar
as used for NuSTAR. We conclude that the high-background event sample
will be signal dominated for sources with fluxes exceeding ∼20 mCrab. The
low-background event sample (with a coincident trigger in the scintillator)
will have a much lower background. Simulations are underway to determine
this background rate.
For Designs 2-4 the CXB aperture background flux will be relatively low
– if the detector assemblies are used with a narrow field of view collimator
assembly. ASTRO-H will use a collimator with an aperture of 0.55◦ × 0.55◦
at low energies (<150 keV) and with an aperture of 10◦×10◦ at high energies
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(>150 keV) [16]. For the smaller aperture, the 50-150 keV CXB aperture flux
corresponds to a flux of 0.6 mCrab. For the larger aperture, the 150 keV-300
keV CXB aperture flux gives the same count rate as a source with a flux of 108
mCrab. The dominant background of designs 2-4 will probably come from
internal backgrounds and shield leakage. A background rate of 3×10−4 s−1
cm−2 keV−1 will produce the same rate of 50-150 keV (150-300 keV) events as
a source with a flux of 425 mCrab (3 Crab). Our estimate of the background
count rate is motivated by the simulation results for NuSTAR and by our
own simulations of detector configurations similar to Design 4. Takahashi et
al. (2008) [16] estimate a two orders of magnitude lower internal background
rate per unit area for the Si and CdTe detector assembly of the ASTRO-H soft
gamma-ray telescope - but the estimate still needs experimental verification.
From the discussion it is clear that if such extremely low background rates
cannot be achieved in orbit, then only bright galactic sources can outshine
the background. If the detector assemblies of Designs 2-4 are used in wide
field of view instruments, then the CXB aperture flux becomes the dominant
background. Assuming a 1 sr field of view, the 50-150 keV and 150-300 keV
aperture fluxes correspond to source strengths of 6.1 Crab and 4.2 Crab,
respectively. In this case, only bright GRBs can outshine the background.
The four detector assemblies differ not only in the accessible energy ranges
and the achieved sensitivities. The solid state experiments (Designs 1, 2, and
4) exhibit a much better spectroscopic performance than the scintillator-only
experiment (Design 3). For thick CZT detectors full width half maximum
energy resolutions of 2.5 keV at 59 keV, 2.7 keV at 122 keV and 4 keV
at 662 keV have been reported [150]. The Si strip detectors operated at
-30◦ achieve ∼1 keV energy resolutions. The narrow FoV polarimeter would
achieve a good effective energy resolution even though the energy resolution
of the scintillator is poor. The reason is that <80 keV photons lose only
a small fraction of their initial energy in Compton interactions (compare
Fig. 4). The BGO scintillators used in Design 3 have a much poorer energy
resolution than the CZT detectors used in Designs 1, 2 and 4, i.e. about ∼50
keV FWHM at energies of a few 100 keV [133]. When used with a coded
mask, the solid state polarimeters (Designs 2 and 4) achieve better angular
resolutions than the scintillator polarimeter (Design 3) as the best possible
angular resolution scales linearly with the CZT pixel pitch (0.6 mm and 2.5
mm), the Si strip pitch (1.4 mm), and the scintillator slab pitch (6.35 mm).
It should be noted that this section compared instruments to each other with
different degrees of complexity, different sizes, masses, and costs.
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3.5. Calibration Issues
Proper on-ground and in-orbit calibration of the experiments will be cru-
cial for achieving performances which are limited by the statistics of the
detected Compton scattered events. We will address several issues in the
following: the calibration of the detector response to photons, systematic
uncertainties owing to background events, and other technical challenges.
One topic of major importance is the calibration of the energy thresholds
of individual detector elements. Depending on the employed analysis method,
the energy threshold may depend on the hardware trigger threshold, on the
analysis cuts used to select valid events, or on both. A detailed analysis
should account for the fact that the threshold behavior of the jth detector
element is given by the detection probability pj(E) as function of the energy
E deposited in the detector element. Whereas pj(E) is almost a step function
for detectors with excellent energy resolutions (e.g. Si and CZT detectors),
it is a slowly varying function of energy for detectors with poorer energy
resolutions (e.g. CsI, and much more so for plastic scintillators). As most
sources have steeply falling energy spectra dN/dE ∝ E−Γ with Γ ≈ 2 −
4, an uncertainty of the energy threshold by a factor of ∆E/E will result
in a count rate uncertainty by ≈ (Γ − 1)∆E/E. If one is interested in
measurements of the polarization fraction and the polarization direction in
multiple energy bins, then one needs to know the probability qj,k(E) that an
event depositing the energy E in the jth detector element will be recorded
and will be reconstructed in the kth energy bin. Inferring the functions qj,k(E)
will usually require a good calibration of the energy scale (absolute offsets
and linearity) and the energy resolution. The functions pj(E) and qj,k(E)
can be determined from detailed calibration measurements with a series of
radioactive sources of known activity.
For all the designs, the energy threshold of the Compton scatterer is
of special interest as it determines the lower energy threshold for detect-
ing Compton events. For Design 1 one can use a single radioactive source
with a strong emission line at an energy Eγ ≈ 100 keV to make a precision
measurement of pj(E) of the scintillator rod at energies E ≪ Eγ by Comp-
ton scattering photons off the scintillator rod and by detecting the scattered
photons with CZT detectors positioned at different scattering angles. The
Compton formula Equ. (12) can be used to infer E (or a range of possible
E-values) when the scattering angle and the energy deposited in the CZT
detector are known. The comparison of the expected and observed rates of
Compton events can be used to infer pj(E). In practice, the method is a bit
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more complicated and less unambiguous owing to the fact that the suitable
radioactive sources (i.e. 57Co) have multiple emission lines. A similar pro-
cedure can be used for measuring pj(E) for the low-Z plastic scintillators of
Designs 3.
The science payload has to include suitable calibration sources to make
sure that the ground calibration remains valid during the flight of the ex-
periments. One needs to be careful to avoid aging scintillators (oxidation of
hygroscopic materials) and variations of the detector gains owing to temper-
ature and/or magnetic field variations during the flight. Although radiation
damage is a concern, the effect seems to be rather small for recent missions
(e.g. for the Swift BAT and for Fermi).
In addition to characterizing the energy response of the detectors, the
active volume of each detector element Vj has to be measured to allow for
an appropriate flat-fielding of the experiment. In CZT detectors for exam-
ple, Vj is usually smaller for pixels close to the edges of a detector owing to
the electric field line geometry inside the detector. In addition, impurities
like Te-precipitates can affect Vj. Some care has to be taken to disentan-
gle rate variations stemming from variable energy thresholds (resulting in
different numbers of detected Compton continuum events) from rate varia-
tions stemming from partially inactive detector volumes. When integrating
the detectors into the experiment, the detectors should be distributed as to
minimize systematic biases.
The response of the entire instrument to X-rays and gamma-rays should
be tested with polarized and unpolarized sources located at different locations
relative to the experiment.
The backgrounds on high-altitude balloon flights and on satellite orbits
is the next concern. As for all X-ray experiments a proper background sub-
traction is crucial for the proper determination of fluxes and energy spectra.
It is highly desirable to have experiments which acquire simultaneous ON
(source) and OFF (background) data. Only the simultaneous acquisition of
ON and OFF source data enable strictly differential measurements and guar-
antee that time dependent backgrounds impact both data sets at the same
time. Experiments which take ON data only, are notoriously difficult to cali-
brate in-orbit. If Designs 2-3 are used in coded aperture instruments, ON and
OFF data are taken at the same time, allowing for proper background sub-
traction. A possibility to enable simultaneous ON and OFF measurements
for Design 1 would be the addition of a second scintillator with a long decay
time surrounding the scattering rod. Pulse shape discrimination could be
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used to distinguish between hits in the central scattering rod and hits in the
surrounding scintillator. An alternative could be the addition of a pixelated
or cross-strip Si detector surrounding the scattering rod close to the focal
plane of the mirror assembly. The Si detector could be used to flag events
from the OFF region and to obtain imaging spectropolarimetric information
of extended sources.
Another concern are spatial gradients of the background intensity (or
the detector response) which might lead to background counts producing an
azimuthal modulation of the count rate. Detailed Monte Carlo simulation
of the entire satellite need to be carried through to estimate the magnitude
of such effects and to modify the design in the case that the effect is strong.
Data taken in-orbit can be used to search for such effects using observations of
presumably unpolarized sources (symmetric galaxy clusters), empty regions
in the sky, or repeated observations of one and the same sources at different
parts of an orbit, or with different background conditions.
Compton telescopes are particularly sensitive to cross talk between de-
tector elements producing artificial coincidences. Optical cross talk and
MAPMT cross talk is an issue for Design 3; charge sharing, weighting po-
tential, and electronic cross-talk are issues of Design 4 where hits in adjacent
pixels can be mis-classified as Compton events. These effects can be stud-
ied by testing the polarimeter over the entire relevant energy range in the
laboratory.
The discussion in this section shows that the calibration of an X-ray
polarimeter is a major issue. The calibration of experiments with good or
excellent energy resolution and with physically separated low-Z scatterers and
high-Z absorbers (Designs 1 and 2) is probably more straight forward than
the calibration of polarimeters with very poor energy resolution and/or where
multiple interactions are detected in one and the same detector (Designs 3
and 4).
4. Summary and Discussion
Hard X-ray observations have to cope with the steep energy spectra of
most astrophysical sources, and thus with lower photon fluxes than those
in the soft X-ray band. However, hard X-ray polarimetry is an exciting
upcoming field owing to several facts:
• Several phenomena can only be observed at hard X-rays. Examples
are the measurement of the high-energy end of the thermal emission
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from BBHs coming from the immediate surrounding of the black holes,
observations of polarized cyclotron lines of magnetars, and the mea-
surement of the polarization near the high-energy cutoffs of magnetars
owing to the effect of photon splitting.
• Almost all science topics that can be addressed with soft X-ray po-
larimetry benefit greatly from simultaneous soft and hard X-ray spec-
tropolarimetric observations. The broadband energy dependence of the
polarization degree and direction is crucial to verify that the models
used to explain the soft X-ray polarization results are actually correct.
In several cases combined soft and hard X-ray polarimetry observa-
tions are required to determine the model parameters that affect the
interpretation of the results obtained in the two bands. A prominent
example is the study of BBH systems: the combined soft and hard
X-ray observations are needed to constrain the parameters describing
the black hole, the accretion disk, and the corona.
• In some sources the polarization degrees at higher energies are expected
to be higher than at lower energies owing to the more compact emission
regions of hard X-rays. For some sources the effect may make it easier
to measure the hard X-ray polarization than the soft X-ray polarization.
• Hard X-rays allow us to study heavily obscured sources with column
densities exceeding 1024 cm−2.
• For very hard sources (i.e. hard GRBs) hard X-ray observations achieve
similar MDPs as soft X-ray observations as the photon number only
depends logarithmically on the low energy threshold.
Table 2 shows the science topics that can be addresses with the different
instrument designs. The table accounts for the different energy ranges of the
four polarimeters and for their different field of views (Design 1: narrow field
of view, Designs 2-4: possibly wide field of views). An estimate of the actual
numbers of detected sources requires careful optimization of the shielding
concept and is outside the scope of this paper.
In the light of the results shown in the table three GEMS and ASTRO-H
follow-up missions are attractive. The first mission is a narrow FoV broad-
band X-ray polarimetry mission with good sensitivity in the 0.1 keV-2 keV
energy regime, an order of magnitude improved sensitivity and/or imaging
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Design 1 Design 2 Design 3 Design 4
BBH thermal disk emission X - - -
BBH coronal emission X X X X
X-ray/γ-ray pulsars - X X X
NS cyclotron lines X - - -
NS vacuum birefringence X - - -
Magnetar X-ray tails X X X X
Magnetar photon splitting - X X X
AGN coronae ∼ - - -
Blazar jets X X X X
GRB jets ∼a X X X
Solar Flares ∼b X X X
Stellar Flares - - - -
LIV X X X X
a Requires alert by another instrument.
b A narrow field of view instrument would be unlikely to detect
exceptionally strong solar flares without alerts from other instruments.
Table 2: Science topics that can be addresses with the four different instrument designs.
spectropolarimetric capabilities in the 2 keV-10 keV energy band, and with
spectropolarimetric coverage up to 80 keV. The second mission is a wide
FoV observatory for spectropolarimetric studies of GRBs and flaring galactic
sources, e.g. similar to EXIST, a large HX-POL, or POET. There is a niche
for a large area detector assembly (similar to HX-POL, GRAPE) used with
a pencil beam collimator to measure the >80 keV polarization properties of
galactic sources, e.g. BBHs and the various flavors of neutron stars.
The Washington University hard X-ray group is presently assembling a
polarimeter called X-Calibur which adopts Design 1. We will report on de-
tailed calibration measurements and on comparisons of simulated and ex-
perimentally measured data in a forthcoming paper. Pending approval by
NASA, the polarimeter will be flown on a one-day balloon flight in the focal
plane of an InFOCµS mirror assembly [125] with ∼40cm2 detection area in
spring 2012 and on subsequent longer balloon flights from Australia. In a
collaboration with the Naval Research Laboratory (E. Wulff et al.), the group
is also testing prototypes of the HX-POL Si-CZT polarimeter (Design 2).
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